Experimental approaches for the identi®cation of functionally important regions on the surface of a protein involve mutagenesis, in which exposed residues are replaced one after another while the change in binding to other proteins or changes in activity are recorded. However, practical considerations limit the use of these methods to small-scale studies, precluding a full mapping of all the functionally important residues on the surface of a protein. We present here an alternative approach involving the use of evolutionary data in the form of multiple-sequence alignment for a protein family to identify hot spots and surface patches that are likely to be in contact with other proteins, domains, peptides, DNA, RNA or ligands. The underlying assumption in this approach is that key residues that are important for binding should be conserved throughout evolution, just like residues that are crucial for maintaining the protein fold, i.e. buried residues. A main limitation in the implementation of this approach is that the sequence space of a protein family may be unevenly sampled, e.g. mammals may be overly represented. Thus, a seemingly conserved position in the alignment may re¯ect a taxonomically uneven sampling, rather than being indicative of structural or functional importance. To avoid this problem, we present here a novel methodology based on evolutionary relations among proteins as revealed by inferred phylogenetic trees, and demonstrate its capabilities for mapping binding sites in SH2 and PTB signaling domains. A computer program that implements these ideas is available freely at: http://ashtoret.tau.ac.il/ $ rony
Introduction
Mutual interactions between proteins and between proteins and peptides, nucleic acids or ligands play a vital role in every biological process. Thus, detailed understanding of the mechanism of these processes requires the identi®cation of functionally important amino acids at the protein surface that mediate these interactions. Studies to determine the three-dimensional (3D) structure of protein complexes are useful to single out residues at protein-protein interfaces that are functionally important. However, it is often dif®cult to determine the 3D structure of protein complexes, and often only the structures of the unbound proteins (or domains) are available. In such cases, it is common to carry out tedious mutagenesis studies to determine functionally important residues. However, because of the amount of work required for such an approach, a number of entries in the RCSB Protein Data Bank 1 exist, for which we have only partial information about the function; for example, we may know that a certain protein is a kinase without being able to map the exact location of its active site. The fraction of such entries is expected to increase rapidly due to the different structural genomics initiatives. structure is to use evolutionary information, that is, to deduce the importance of residues from their level of conservation in families of homologous proteins. It is well established that residues buried in the protein core are conserved throughout evolution. 4 The reason for buried residues to be evolutionarily conserved is known; the packed structure of proteins tolerates only conservative amino acid replacements, whereas radical replacements, such as exchanges between residues of different sizes, often destabilize the structure of the protein and results in malfunctioning proteins.
Likewise, protein complexes are very sensitive to replacements at the inter-protein interface. 5 Thus, it is reasonable to assume that functionally important residues, which are involved in molecular recognition between proteins (or between proteins and DNA) or in enzymatic activity, should be evolutionarily conserved. 6 ± 10 Indeed, presentations of newly determined protein structures often involve the incorporation of information deduced from sequence analogues of the protein to signal functionally important amino acids. To this end, one usually estimates the level of residue conservation directly from multiple sequence alignment (MSA) of the protein homologues. A key problem with this approach is that in many cases the homologues do not evenly sample the sequence space, e.g. eukaryotes may be overly represented as compared to prokaryotes, or vice versa. Thus, a method that properly weights the level of conservation by the evolutionary distance of the proteins from one another would be desirable.
Cohen and co-workers developed such a method. 11 ± 13 Their method, referred to as``The Evolutionary Trace Method'', is based on constructing a phylogenetic tree from the MSA. A consensus sequence is then derived for the sequences at each node of the tree, and the level of residue conservation is derived from the variability of the consensus sequences and projected onto the protein surface. The evolutionary trace method was tested on the SH2 and SH3 modular signaling domains and the DNA binding domain of the nuclear hormone receptors 11 It was then used to explore G proteins 12 and zinc binding domains. 13 In all of these cases the method successfully identi®ed surface patches, such as the peptide-binding pocket of SH2 domains, that are known to be functionally important.
The Evolutionary Trace Method was the ®rst attempt to take into account the evolutionary history of a protein family, but despite its overall success in the mapping of functionally important residues on protein surfaces, its treatment of the evolutionary process is only approximate. For example, the phylogenetic tree is built using the UPGMA method (under the PILEUP sequence alignment tool 14, 15 ). This method is based on the assumption of equal rates of evolution along all branches of the phylogenetic tree, an assumption that had been repeatedly refuted in the past. 16 Following tree reconstruction, the aligned sequences at each node are compared to construct consensus sequences, a procedure that only takes into account identical amino acid residues at a position. The sequences derived from the nodes are, then, compared to form a general consensus sequence. This all-or-none consensus sequence-based method treats all columns with variable amino acid residues as non-conserved, regardless of the physicochemical similarity between them, and may affect the sensitivity of the Evolutionary Trace Method. This issue is considered in the Discussion below.
Results
We introduce here a novel method, referred to as conservation surface-mapping, or ConSurf, for mapping of evolutionarily conserved residues on protein surfaces. The method uses evolutionary trees that are consistent with the MSA, and takes into account the physicochemical distance between the replaced amino acids. It should therefore be more sensitive than the Evolutionary Trace Method.
After obtaining the MSA, ConSurf constructs evolutionary trees that are consistent with it, using the protein parsimony method, 17 which also allows deduction of the amino acid changes that occurred throughout evolution by tracking changes along the branches of each tree. Miyata et al. 18 assumed that the physicochemical properties of the residues that are crucial for maintaining the protein fold are conserved, and calculated a physicochemical similarity matrix of the amino acids. Our program evaluates each amino acid exchange by this matrix.
We apply this method on the well-studied SH2 and PTB domains. The SH2 domain (for Src homology 2) is a phosphotyrosine binding module that was located on various proteins involved in signal transduction. 19 ± 21 SH2 domains have been exploited widely for structural-speci®city studies. 21 ± 23 Applying the method to SH2 domains also allows us to compare our results with those obtained by the Evolutionary Trace Method.
Another tyrosine phosphate recognizing module is the PTB (phosphotyrosine binding) domain, which is¯exible compared to the SH2 domain in terms of peptide binding and recognition. 24 ± 26 This exibility is probably re¯ected in the higher sequence variability of the PTB domain family. We mapped the level of residue conservation on representatives from this family to examine how the differences in speci®city and sequence variability are re¯ected in the results obtained by ConSurf.
SH2 domains
The structure of many SH2 domains is available, and we chose to present the conservation map on the structure of the domain of human Src, which is known both in complex with one of the native peptides 21 and in the context of the intact protein. 19 It is noteworthy that C a rmsd between SH2 domains from different sources is small and the conservation pattern is, in essence, independent of the structure used for the mapping (see below). We collected homologuous sequences, aligned them, constructed a phylogenetic tree (Figure 1 ), calculated conservation for each position in the alignment and presented the conservation level on the molecular surface of the domain as described in Methodology, below. We also analyzed the changes in the conservation pattern on the molecular surface as more clades of the tree in Figure 1 were added. To this end, we used the phylogenetic tree drawn by CLUSTAL W, 27 using the neighbor joining method. 28 The sequences comprising each clade of the phylogenetic tree of Figure 1 are listed in Table 1 . The ConSurf results obtained by consecutively adding more branches to the analysis are presented in Figure 2 . (Since the SH2 tree of Figure 1 is unrooted, including more branches does not necessarily indicate an increase in the mean evolutionary distances among the sequences.) It is evident from the Figure that as the clade size is increased, the observed conservation patch decreases in size until about two-thirds of the phylogenetic tree is included in the calculations and the conservation pattern converges ( Figure 2G ). A comparison of the converged conservation pattern (Figure 3(a) ) and the binding contact, determined from the structure of the complex (Figure 3(c) ), shows a nearly perfect ®t between the highly conserved patch and the area of intensive contact (both marked in dark red). Figure 3 (a) and (b) present a comparison of the residue conservation pattern obtained for SH2 domains of two different structures. Figure 3 (a) was obtained using the structure of human Src SH2 in complex with a native peptide, 21 and Figure 3 (b) was obtained using the SH2 domain from the structure of the intact Src. 19 It is evident from the Figure that the conservation pattern is very similar despite the different structures that were used.
The C-terminal tail of Src contains a sequence that resembles the ligand motif, and upon phosphorylation it may bind to the SH2 domain, thus limiting its access to Src signaling partners. The contact projection obtained for the peptide (Figure 3(c) ) and for the pseudo-peptide (Figure 3(d) ) are fairly similar, and the evolutionary conservation pattern of Figure 3 (a) and (b) ®ts them well. Interestingly, the conservation pattern of the SH2 domains ®ts better with the contact projection obtained for the peptide than for the pseudo-peptide, which may be related to the higher af®nity of the peptide compared to the pseudopeptide to SH2 domains. 22 Figure 4 shows the``back-side'' of the SH2 domain from intact Src, 19 which is known to interact with the SH3 and catalytic domains of Src. The patch that is in contact with the SH3 domain (highlighted by the green circle in Figure 4 (c)) is mirrored by the conservation pattern (Figure 4(a) ). However, the area that is in contact with the catalytic domain (marked in magenta) shows only average conservation, despite its presumed functional relevance for interaction between the catalytic and SH2 domains of Src, by oppositely charged amino acids. 19 This inconsistency problem is solved by surface mapping of residue conservation, taking into account the Src clade of the tree only (Figure 1 The fact that the conservation at the back-side of Src is only seen in the Src clade and not throughout the entire family may indicate that while peptide binding at the``front'' end is typical for all (or most) of the members of the family, the interactions of Src SH2 domains with the SH3 and catalytic domains are limited to members of the Src clade only. It further suggests that the Src inhibitory mechanism, involving the internal contacts between the SH2 domain and the SH3 and cataly- 
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Figure 1 (legend shown opposite) tic domains, may be unique for the Src clade of the tree. Overall, the conservation pattern obtained for clade A (Figures 2A and 4(b) ) is much wider than that of the entire phylogenetic tree ( Figures 2J and  4(a) ). This is presumably in part because the SH2 domains in clade A are functionally more related to each other than to other SH2 domains and in part because of insuf®cient divergence time within clade A.
PTB domains
The human adapter protein Shc contains both an SH2 domain, and another tyrosine phosphate binding module, the``PTB domain''. 24 Despite the fact that the two domains recognize mainly protein fragments containing tyrosine phosphate, they differ signi®cantly in their sequence and structural topology. 22 PTB domains share very low levels of sequence similarity 24 and aligning them properly is dif®cult. Therefore, we used the MSA, 29 as described in Methodology, below, to construct the phylogenetic tree of Figure 5 , from which we calculated conservation grades for each position in the alignment. The residue conservation grades obtained for three PTB domains of known 3D structure are presented in Figure 6 . Despite the signi®cant sequence divergence in the family, ConSurf was able to map the peptide-binding site in these domains. Again, it is evident from the Figure that the pattern of phylogenetic conservation depends very weakly on the structure; a patch of conserved residues was mapped onto the peptide binding pocket in the three different PTB structures tested here.
X11 is a neuron-speci®c protein containing a PTB domain, which was found to bind to the cytoplasmic domain of the b-amyloid precursor protein (b-APP) with high af®nity and speci®city. 30 As in other PTB domains, ligand binding to the X11 protein involves residues C-terminal to the phosphotyrosine, especially in the NPxY motif. 31 Figures 7 and 8(b) display the residue conservation mapping of this domain. It is evident from the Figures that residues, such as Leu413 and Ile416 that are hydrogen bonded to Asn (À3) of the peptide, Tyr483 that is linked to the Pro (À2) of the beta turn, and Ser417 that is linked to the tyrosine itself (Figure 8(b) ), all closely involved in binding to the NPXY motif, 31 were also found to be highly conserved by ConSurf. (The numbers of peptide residues refer to the tyrosine residue of the NPxY motif, which was denoted at residue 0.) Figure 7 also shows that the area that binds Tyr (À5) was mapped as highly to moderately conserved. This position seems to be conserved due to its hydrophobicity, 31 as was described for the Shc PTB domain. 32 Our data show slightly above average conservation for residues that provide a hydrophobic surface, against which the aromatic rings of Phe (2) and (3) can pack. Mutating each of these residues to alanine decreases peptide af®nity by about tenfold, but they are not strictly conserved throughout the PTB family. 31 Conservation mapping, using ConSurf, of the X11 subfamily shows a high level of conservation for this area (data not shown).
Although we noticed a close contact between the peptide and the domain in the N terminus region of the peptide, and mutational data indicate that they are important, their contact partners are only partially conserved throughout the family. This lack of conservation of the protein surface is in agreement with the fact the physicochemical nature of the complementary peptide surface is variable. Thus, the polar nature of the peptide residue at position (À7) in APP peptide (the X11 ligand) stands in contrast to high af®nity peptides for Shc and IRS-1, which tend to contain hydrophobic residues at this position. 33 
Discussion
We developed a new method, referred to as ConSurf, for mapping evolutionarily conserved regions on the surface of proteins of known 3D structure. ConSurf aligns sequence homologues of the protein whose structure is known, and uses the alignment to construct phylogenetic trees. The trees are then used to infer the presumed amino acid exchanges that occurred throughout the evolution of the protein. Each exchange is then weighted by the physicochemical distance between the exchanged amino acid residues. By mapping these grades onto the surface of the SH2 and PTB domains, we showed that the patches of conserved residues correlate well with the known functional regions of the domains. In the following, we compare the conservation pattern of these two protein modules in light of the difference in their functions. We then discuss the implications and limitations of ConSurf.
Comparison of the tyrosine binding site of SH2 and PTB domains
The SH2 and the PTB domains were initially characterized as phosphotyrosine binding modules in signaling proteins. 22, 34 These modules vary signi®cantly in sequence and structure; PTB domains adapt a pleckstrin homology-like fold 31, 35, 36 that is Figure 1 . Phylogenetic reconstruction for sequences of SH2 domains. The phylogenetic tree was built using the neighbor joining method in the CLUSTAL W package 27 for the same MSA data used for the tree's reconstruction by Protpars. Clades of the tree are marked from A to J. The sequence names in each clade are listed in Table 1 . The red arrow marks the position of human Src, analyzed here, in the tree.
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distinct from that of SH2 domains. SH2 and PTB domains also differ from each other in their mode of ligand recognition and ligand fold. While the SH2 ligand binds in extended conformation 19, 20, 22 the NPxY motif of the SHC ligand forms a b-turn structure prior to binding. 35, 36 This fold was found also in other PTB-ligand complexes. 31, 37, 38 In addition, while tyrosine phosphorylation is crucial for ligand recognition in most SH2 domains detected so far, it appears to be much less crucial in PTB domains. 30, 31, 39 The Drosophila Numb PTB domain, which binds phosphorylated as well as unphosphorylated NPxY-containing peptide, also binds YIGPYL with high af®nity, 40 and therefore provides an example of the¯exibility of the PBT domain in ligand recognition. Other members of the PTB domain family do not require posphorylation or even the presence of tyrosine on their binding ligands. 26, 31 Overall, sequence similarity among PTB domains is signi®cantly lower than among SH2 domains. In fact, the similarity is so low that structural information was used for the alignment and discovery of members of PTB domain family. 41 The sequence variability in PTB domains is probably related to the fact that they recognize a diversity of peptides including unphosphorylated peptides and the variance in the conformation of the bound peptides (e.g. Figure 6 ).
The differences in ligand selectivity between the SH2 and PTB domains are clearly re¯ected in the residue conservation patterns obtained for these domains (Figure 8(a) and (b) ). The deep phosphotyrosine binding pocket is highly conserved in SH2 domains (Figure 8(a) ), which correlates well with the high af®nity of the domains to phosphotyrosine-containing peptides. 23, 42 It may also explain why tyrosine phosphorylation is a prerequisite for peptide-binding in the vast majority of SH2 domains. 22 In contrast, we detected only average conservation in the tyrosine-binding site of the X11 PTB domain, which confers with the fact that phosphorylation is not obligatory for peptide-binding in PTB domains. 30, 31, 39 Comparisons with other methods
The main problem we sought to solve in conservation grading is the multiplicity of sequences in sequence alignment. This results from the uneven representation of amino acid sequences in protein databases. 43, 44 Thus, counting the differences between each pair of amino acids in the alignment may lead to a misestimation of replacement frequency, even after weighing each pair comparison by its sequence distance. 44 Using a tree-based method, we can infer the branches in which speci®c amino acid changes occurred. We, thus, solve the problem of non-independent sampling due to plesiomorphy, i.e. similarity due to maintenance of the ancestral state. This``®ltering'' allows us to use sequence alignments without being bothered by sample size and evenness of sampling.
Another tree-based approach is the Evolutionary Trace Method. 11 However, this method should be inferior to ConSurf, since it uses phylogenetic trees that were built based on the assumption of equal rates of evolution in all branches, and since it is an all-or-none consensus sequence-based method, as mentioned above. The use of the average conservation along the sequence in ConSurf enabled us to normalize according to the number of sequences in the tree or clade. The qualitative nature of the evolutionary trace method does not admit the use of average conservation. Comparing the results obtained using the two methods, we discover a similar mapping of the conservation of the peptide binding face (compare Figure 2J ).
Implications and limitations
We show here how conservation mapping based on evolutionary tree reconstruction, maximum parsimony tracing, and physicochemical grading, can assist in identifying functional regions on protein surfaces. However, the quality of the results depends on the quality of the sequence alignment and the phylogenetic tree reconstruction. When applied to protein families of widely diverse functions, or when the MSA input includes proteins from different families, the ConSurf analysis might show a mosaic of traits from different evolutionarily related proteins. Alternatively, if the ConSurf analysis is carried out using MSA containing sequences of limited diversity, the picture obtained Figure 2 . Mapping of evolutionary conservation on the molecular surface of SH2 domains: the peptide binding face of the domain. The conservation map is presented on the structure of the SH2 domain in complex with the high af®nity peptide Y(p)EEI, 21 taking into account different number of sequences from the evolutionary tree in Figure 1 . (a) The conservation map obtained using clade A of the phylogenetic tree in Figure 1 . (b) The conservation map obtained using clades A and B of the phylogenetic tree in Figure 1 . (c) The conservation map obtained using clades A to C of the phylogenetic tree in Figure 1 . (d) The conservation map obtained using clades A to D of the phylogenetic tree in Figure 1 . (e) The conservation map obtained using clades A to E of the phylogenetic tree in Figure 1 . (f) The conservation map obtained using clades A to F of the phylogenetic tree in Figure 1 . (g) The conservation map obtained using clades A to G of the phylogenetic tree in Figure 1 . (h) The conservation map obtained using clades A to H of the phylogenetic tree in Figure 1 . (i) The conservation map obtained using clades A to I of the phylogenetic tree in Figure 1 . (j) The conservation map obtained using clades A to J of the phylogenetic tree in Figure 1 , i.e. the whole tree. Residue conservation is colorcoded onto the molecular surface of the domain: dark blue corresponds to maximal variability, white corresponds to average conservation level and dark red to maximal conservation. The peptide is shown as bond lines. The picture was drawn using GRASP. 56 is a mixture of functionally important residues and shortness of divergence time (e.g. Figure 2A ). This puts a limit on the usefulness of ConSurf for the analysis of sub-clades of highly conserved families such as the SH2 domains, but provides a clue on differentiation to speci®c functions.
In its current implementation, ConSurf uses the amino acid similarity matrix that was derived by Miyata et al. 18 based on the physicochemical relations between the amino acids. However, this matrix can be readily replaced by empirical amino acid replacement matrices, such as that by Dayhoff et al. 45 Notwithstanding the use of physicochemical distances, evolutionary replacement matrixes are incorporated into ConSurf in an indirect manner, since both the search for homologous sequences and the MSA reconstruction involve an intensive use of such matrices. A statistically signi®cant 21 was used in (a) and (c). The structure of human Src 19 was used in (b) and (d) but for clarity, only the SH2 domain and C-terminal pseudo-peptide are displayed. For contact mapping, residues with no contact with the peptide are blue. Residues that their water accessible surface area changes by 50 % are white and residues that are completely buried upon complex formation are red. The picture was drawn using GRASP 56 and conservation is color-coded as in Figure 2 . The peptide is shown with bond lines and the tyrosine residue is in yellow. Table 1 , row A). (c) Contact mapping between the SH2 domain and the SH3 and catalytic domains. The structure of intact Src was used 19 and the protein was rotated by 135 around the x-axis from the orientation of Figure 2 . The picture was drawn using GRASP 56 and conservation is color-coded as in Figure 2 . Figure 5 . A representative phylogenetic tree for the PTB domains. The proteins for which we present conservation maps are underlined in red. Figure 6 . Conservation maps of the PTB domains from: (a) the Drosophila numb protein; 40 (b) human adapter protein SHC; 35 and (c) human neuron-speci®c protein, X11. 31 The structures were superimposed using InsightII (MSI, San Diego, CA), based on coordinates from the HOMSTRAD structural alignment database 59 The picture was drawn using GRASP 56 and conservation is color-coded as in Figure 2 . The peptide is shown as a ball and stick model.
number of co-crystallized binary protein complexes exists (several thousand, including dimers; the number depends on the criteria and varies in different studies). We plan to use these complexes to derive an amino acid replacement matrix speci®-cally for inter-protein interfaces.
Since the tree we use is unrooted, tracing the pattern of differentiation on the protein surface by conservation mapping may identify not only evolutionarily relevant clade-speci®c patterns, but also evolutionarily irrelevant neighbor-speci®c patterns. This shortcoming may be recti®ed by using rooted trees in cases where the root is known. Reassuringly, the conservation pattern obtained for the SH2 domains using ConSurf is very similar to that obtained when the conservation grades were calculated using the maximum likelihood principle and a single rooted phylogenetic tree (Pupko et al., unpublished results).
One of the main limitations of ConSurf is its low resolution. Since it is based on phylogenetic information on residue conservation, it cannot provide information at atomic resolution. Moreover, since there are slight differences in function even between closely related proteins, it may be risky to use ConSurf to identify speci®c residues that are functionally important for a speci®c protein. ConSurf should best be regarded as a tool for the identi®cation of functionally important patches of residues on the surface of proteins of known 3D structure, some of which are discovered without known function or ligand. 46 The conservation pattern detected by ConSurf should guide detailed experimental work towards the identi®cation of the exact residues involved in molecular recognition between the protein at hand and its ligands. The low resolution of ConSurf may, however, be regarded as an advantage, since it allows for the use of ConSurf even in cases where only lowresolution or model structures of the protein are available.
In any event, the analysis provided by ConSurf only provides information on the functionally important surface regions of the protein under study and does not reveal the nature of the binding partner(s). In some cases, however, the type of amino acids conserved on the surface of the protein may provide some clues on the binding partner(s).
ConSurf, which is based on CLUSTAL W alignment, Protein Parsimony tree reconstruction, and tracing changes in the sequence positions, is freely available for academic use at www.ashtoret.tau.ac.il/ $ rony It is written to allow users to either align a set of homologous proteins, the sequence of which is taken as input to ConSurf, or to provide an external sequence alignment as input to ConSurf. Amino acid conservation grades are color-coded on the molecular surface or the domain, and the peptide is colored according to its tilt, to emphasize the b-turn structure (yellow). The numbers correspond to amino acids of the PTB domain (yellow) and the peptide (white).
Methodology Searching for homologous sequences
We used the Smith & Waterman 47 algorithm, with default exchange matrix, gap opening penalty of 10 and gap extension penalty of 0.5, to collect sequence homologues of the protein of known 3D structure from the SwissProt database. 48 Homology search using this non-heuristic procedure (i.e. comparing the query protein to all sequences in the database) was found to be superior in terms of sensitivity and selectivity compared to popular heuristic alternatives such as FASTA and BLAST. 49 We limited our collection to sequences associated with E score values lower than 0.05, as an indicator for biologically signi®cant matches. 50 The homologous sequences were then collected from the search output and identical sequences were ®ltered out before further analysis. The initial methionine was cut out from each sequence.
Generating multiple sequence alignment (MSA)
The homologous sequences gathered in the previous stage were formatted for FASTA before alignment. We mainly used the CLUSTAL W method that uses different amino acid replacement matrices depending on the sequence similarity. 27 These matrices, mainly from the PAM and BLOS-SUM series, are based on counting the frequencies of amino acid changes in con®rmed alignment. 51 They allow us to weight each amino acid exchange between aligned sequences by the estimated probability of obtaining it in relative sequences of a given evolutionary distance. For each evolutionary distance there is an optimal matrix in the mentioned series. Since the collected sequences were of variable evolutionary distances from one another, we found it comfortable to use CLUSTAL W, which exchanges the use of speci®c matrices in relation to the distances between sequences.
Phylogenetic reconstruction
After obtaining the MSA, we constructed evolutionary tree(s) consistent with it using the protein parsimony method. 17 This method also allows us to deduce the amino acid changes that occurred throughout evolution by tracking along the branches of the tree. 52 In practice, we used the PROTPARS program from the PHYLIP package. 17 
Grading amino acid exchanges
Each exchange between amino acids i and j (i 1,2, . . . 20; j 1,2, . . . 20) was multiplied by a weight factor according to the physicochemical distance between the amino acids 18 (Table 2) . Miyata et al. 18 have estimated the physicochemical distance (M ij ) between each pair of amino acids by:
where Áp ij and Áv ij , calculated by Grantham, 53 are the differences in polarity and volume between the Figure 8 . A close look at the amino acid conservation grades in the tyrosine-binding pocket of (a) the human Src SH2 21 and (b) x11 PTB 31 domains. The picture was drawn using GRASP 56 and conservation is color-coded as in Figure 2 . The peptide is shown as bond lines and Ser417 is marked in yellow.
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amino acids, and s p and s v are the corresponding standard deviations. An implicit assumption here is that the physicochemical differences between the amino acids are primarily due to differences in their polarity and volumes, which is a commonly accepted principle. 54 Columns B and Z were not a part of the original matrix of Miyata et al. 18 B represents an ambiguous case, in which the sequencing procedure gave glutamate or glutamine as possible amino acids at a certain position, and Z stands for uncertainties between aspartate and aspargine. The exchange grades of any amino acid with B were calculated as the average between the exchange grade of that amino acid with glutamate and that amino acid with glutamine. Likewise, the exchange grades of any amino acid with Z were calculated as the average between the exchange grade of that amino acid with aspartate and that amino acid with aspargine.
Thus, the physicochemical conservation grade, P k at position k in the alignment, was calculated as:
where A ij m is a matrix of elements 0 and 1 describing amino acid replacements, M ij is the replacement value taken from Table 2 , and N is the number of sequences in the alignment. In cases where multiple phylogenetic trees were generated by Protpars, a grade was determined for each tree and the ®nal grade was taken as the average of all trees.
Dealing with gaps
Multiple gap positions were given low conservation scores; the higher the number of gaps was, the lower were the scores.``Exchange'' of any amino acid with a gap, which actually means insertion or deletion, reduces the conservation grade of the position by six ( Table 2 ; the À and X symbols). Since it is assumed that gaps appear in low conserved spots, we choose this value as it is above, yet close to the highest amino acid distances (Table 2) . If for position k, both father and son sequences contain a gap, ConSurf subtracts 0.5 point from the conservation score for that position. This score was chosen after higher scores biased the average conservation too much.
Average conservation
After grading each position in the alignment, ConSurf chooses the positions in the alignment that are ungapped in the query protein (the protein of known structure) and computes their average conservation (hP k i) and standard deviation (s k ). Thus, gapped positions are allowed to in¯uence the overall grade of each position only if they are ungapped in the query protein. This is because gapped positions in the query protein appear due to the adding of distant relatives to the alignment and we wish to compute the average conservation only for its existing positions, which are under the pressure of protein evolution. ConSurf then normalizes each grade as: Table 2 . The amino acid pair distance used in this study The values were taken from Miyata et al.
18
See the text for details.
and the normalized conservation grades, replacing the B (or temperature) factors in the pdb ®le of the protein, are ready to be mapped onto the protein surface. Normalization was done for two main reasons. First, it provides a reference state for the level of conservation; a residue detected by ConSurf to be maximally conserved in a protein is as conserved as a residue that is buried in the protein core. We assumed that surface residues that maintain bimolecular linkages in essential cellular function should be as conserved as the internal ones. The second reason is methodological. When dealing with the SH2 domains, we compared the conservation of the protein surface using increased levels of evolutionary distances between sequences around our query (Figures 2 and 3) . In general, as we increase the number of sequences we also increase the evolutionary distance of the group. This increase is supposed to change the level of conservation of each position, and thus change the average conservation. The normalization using equation (3) is a means to diminish this effect and to compare the conservation grades obtained for the different branches of the phylogenetic tree on the same grounds.
Conservation mapping by increasing evolutionary distances
To map the conservation according to increasing evolutionary distance for the SH2 domain (Figure 2 ), we collected sequences de®ned as clades (or sub-trees) of the tree shown in Figure 1 , around the sequence of the human Src protein. After collecting the sequences we aligned them and used the alignment as input for another round of ConSurf to generate conservation grades for each position.
A shorter path
For the PTB domain we chose an already existing alignment that was done using a hidden Markov model and appears on the pfam database. 29 This is because the three PTB domains that we investigated cannot be aligned using CLUSTAL W due to the low level of sequence similarity between them. The alignment was then processed using PROTPARS to build a phylogenetic tree and to derive the conservation grades. It should be noted that the IRS-1 PTB domain, the structure of which is known, 36 is missing in the alignment and was therefore not included in our analysis.
Viewing the conservation grades
The temperature (B) factors in the input coordinate ®le (in pdb format) were replaced with the conservation grades of the residues. Thus, any 3D-protein viewer, such as RASMOL, 55 which is capable of presenting the B factors, is suitable for viewing the conservation map of proteins. We used GRASP 56 for mapping the conservation grades on the molecular surface of the SH2 and PTB domains.
Comparison of conservation and contact maps
The contact (or projection) maps were deduced from those changed in the water accessible surface area of the amino acids in the liganded and unliganded domain. We calculated the water accessible surface area with a modi®ed Shrake-Rupley 57 algorithm, implemented in the SURFV computer program. 58 The contact map presents the ratio between the water accessible surface area obtained for a given residue with ligand and without ligand.
